In this paper, the whole process of pile construction and performance during loading is modelled via large deformation finite element methods such as Coupled Eulerian Lagrangian (CEL) and Updated Lagrangian (UL). Numerical study consists of installation process, consolidation phase and following pile static load test (SLT). The Poznań site is chosen as the reference location for the numerical analysis, where series of pile SLTs have been performed in highly overconsolidated clay (OCR ≈ 12). The results of numerical analysis are compared with corresponding field tests and with so-called "wish-in-place" numerical model of pile, where no installation effects are taken into account. The advantages of using large deformation numerical analysis are presented and its application to the pile designing is shown.
INTRODUCTION
Installation effects are general terms related to any changes of stress state, density, pore water pressure due to execution of piles, columns, sheet pile wall or densification process in the subsoil. This phenomenon is usually referred to "displacement" piles (Komurka et al. 2003 ) where the soil is moved outward the pile shaft. Consequently, the remoulded zone around the pile is created and the mechanical and physical parameters of the soil in pile's neighbourhood are changed. The installation effects can be divided into the following three steps (Komurka et al. 2003 , Long et al. 1999 ): generation of the excess pore water pressure with soil structure "reorganization" during pile installation, the dissipation of the pore water pressures during consolidation phase and soil aging. From the mechanical point of view the first and second step play the most important role due to change in stress state after installation of the pile (e.g., Randolph et al. 1979) . Aging of soil is problematic in description and it is ambiguous in field observation. Schmertmann (1991) reports that aging can be a relatively small part of installation effects, while Doherty and Gavin (2013) show that its effects are evident but they are spread over the years.
In this paper, the influence of installation effects on pile bearing capacity via Finite Element Method (FEM) and Abaqus software is studied. The installation effects are limited to the effective stress change during pile installation and following consolidation phase. The aging effects are omitted in the analysis due to the modelling simplification. The Poznań site is chosen as the reference location for the numerical study due to the wide range of in-situ and laboratory tests that have been performed and 16 Static Load Tests (SLT) that have been made. Two approaches are considered. In the first one, the pile installation process has been simulated and the consolidation phase has been taken into account. This pile will be referred to as a "set-up" pile in this paper. The second numerical model contains the so-called "wish-in-place" pile, where no installation effect is included and the pile is directly loaded up to failure. Finally, the results obtained from both numerical models are compared with field Static Load Test (SLT) conducted in Poznań site.
The main objective of this paper is to show the applicability of UL FEM in the modelling of installation effects. The comparison of SLT predictions shows the influence of the pile construction phase and the following soil consolidation on the pile's long term bearing capacity. The secondary aim of this research is to investigate which part of the pile: toe or shaft is more affected by installation effects. Finally, some remarks about observed physical changes after installation and following consolidation step are also given.
GEOTECHNICAL INVESTIGATION AND PILE LOADING PROGRAM AT POZNAŃ SITE
The three geotechnical reports have been done for the Poznań Łacina Commercial Centre located in Poznań, Poland. Totally, the in-situ investigation consists of 106 boreholes, 86 CPT/CPT-u with 22 dissipation tests, 5 dilatometer tests (DMT) and 10 Dynamic Light Probe (DPL) tests. Laboratory tests include 6 series of consolidated undrained (CU) triaxial tests, 6 oedometer tests, grain size analysis and determination of the basic physical properties. The building is founded on footings with Controlled Modulus Columns (CMC) drilled with Full Displacement Pile (FDP) auger. The SLTs contains 16 testing points in different parts of building and the CMC column denoted as E407 has been selected as the reference pile. The E407 column is 7 m long, drilled from the working platform located 3 m below the ground level, with pile toe buried at a depth of 10 m. The pile considered has been selected due to very homogenous soil layer and satisfactory set of in-situ and laboratory investigation data nearby. The localization of E407 pile, neighbouring boreholes and adjacent CPT-u and DMT probing points are shown in Fig. 1 . The soil profile with CPT and DMT soundings is presented in Fig. 2 . The reference pile is almost entirely drilled in stiff, light grey and highly overconsolidated clay deposit (OCR ≈ 12). The water table is recognized at a depth of approximately 0.9 m below ground level. The physical and typical strength parameters of Poznań clay obtained from laboratory data supplemented with CPT and DMT estimates are summarized in Table 1 . 
ASSUMPTIONS AND PARAMETERS USED IN NUMERICAL MODELLING
Modelling the installation process of CMC column via FEM remains difficult task despite recent developments in computational methods, software and hardware. However, some attempts have been made in recent years to face this issue and to better understand the influence of installation effects. An example of FDP drilling tool installation in sands was presented by Grabe et al. (2013) , while Jiangtao (2009) modelled full process of sand compaction pile installation, and the same technique can also be applied to CMC columns. In Jiangtao (2009) method, the casting is jacked into the subsoil and when the design depth is reached the sand injection is lifted from the bottom boundary of the numerical model with simultaneous withdrawal of the casting. The disadvantage of this method is that only the set up effects on the pile shaft can be investigated. In this paper, the CMC pile installation will be treated in different way. A general assumption is that all FDP piles, independent of the technology applied, induce similar response in the soil. Consequently, similar installation effects are generated by pile driving or pile drilling as long as the FDP technology is maintained. This assumption allows for modelling a CMC column as, for instance, the jacked pile. A similar technique was used by Larisch (2014) to model screw auger displacement piles in clay. This technique does not allow for detailed modelling of prescribed CMC technology, but facilitates the problem considered and enables focusing on the stress state change around the pile after installation and the following consolidation phase. The significance of stress change around the pile due to installation has been previously shown by others (e.g., Hamann et al. 2015, Konkol and Bałachowski 2016), and it is assumed as a governing parameter of installation effects that will be considered in this paper.
The simplified CMC model will be calculated with effective stress approach using UL formulation as it is implemented in Abaqus/Standard and it will contain the entire history of E407 pile construction which includes: excavation of overlaying soil, pile installation, consolidation of the subsoil and SLT. Due to expected large distortion of the mesh in UL FEM solution the parallel and independent model with CEL formulation and Abaqus/Explicit solver will be studied. The objective of such action is the control of UL solution and possible improvement of UL FEM mesh. However, the CEL formulation implementation in Abaqus is limited to the onephase materials and thus, the CEL model will be considered in total stress approach.
The parameters used in effective stress approach with UL are derived directly from laboratory and in-situ investigation and they are shown in Table 2 .
The only difference appears in coefficient of permeability where the value of k = 2  10 -12 m/s obtained from oedometer test is believed to be slightly overestimated. Consequently, the coefficient of permeability of 2  10 -10 m/s is assumed in numerical analysis. The shear modulus is obtained from elastic drained modulus and assumed effective Poisson's ratio υ of 0.3
where G -shear modulus, E -elastic drained modulus estimated from DMT (see Table 1 ), υ -effective Poisson's ratio. However, a little lower shear modulus (15 MPa) in numerical analysis is assumed than provided by equation (1) (~17 MPa). This is done to obtain G/c u ratio closer to typical values of large deformation Table 2 have been calibrated using numerical consolidated undrained (CU) triaxial and oedometer tests. The results of calibration process are shown in Fig. 3 , where a very satisfactory agreement between numerical and laboratory tests has been achieved. The preconsolidation pressure used in MCC model has been selected to fullfil agreement with undrained shearing path (e.g., Worth 1984, Konkol and Bałachowski 2016):
where c u -undrained shear strength, 0 p -initial mean stress, M -stress ratio, c p -preconsolidation mean stress, λ -logarithmic plastic modulus, κ -logarithmic elastic modulus. The undrained shear strength c u distribution obtained from CPT assessment which was calibrated with CU triaxial test is presented in Fig. 4 , where the preconsolidation pressure distribution for 1 m thick layers is also shown.
The total stress parameters are shown in Table 3 . The undrained elastic modulus is calculated using assumption of decomposition of volumetric and shear effects (e.g., Atkinson 2007)
where E u -undrained elastic modulus, G -effective shear modulus, ν u -undrained Poisson's ratio. The undrained shear strength c u is adopted in numerical analysis, as shown in Fig. 4 .
The most crucial parameters used in numerical solutions are those concerning the contact behaviour between pile and soil. No laboratory data concerning the interface behaviour are provided and some assessment needs to be made to find coefficients of friction. In installation phase the frictionless interaction between pile and soil is assumed. This is done due to simplification of CMC column installation. However, when SLT begins the friction behaviour between pile shaft and soil is used with coefficient of friction of 0.188 which corresponds to the angle of interface friction  f of ⅔ϕ. This is a conservative and very safe assumption which is confirmed by various laboratory tests on soil-concrete interface (e.g., Chen et al. 2015). Using the authors' experience this estimation seems to be satisfactory due to the lack of laboratory data. The interaction between the pile toe and the soil in SLT is assumed frictionless as the only contact pressure acts on the pile base in reference field CMC column. Figure 5 presents the axisymmetric UL models. The soil domain is 11 m wide and 22 m high and due to different preconsolidation pressures it is divided Fig. 6 . The pile is modelled as a discrete rigid body.
THE UPDATED LAGRANGIAN MODELS

THE COUPLED EULERIAN LAGRANGIAN MODEL
The CEL model is three dimensional due to software limitations (Dassault Systémes 2013) and its geometry is illustrated in Fig. 7 . In CEL method (Noh 1963) , the domain can be either Lagrangian or Eulerian one. Consequently, the soil is modelled as an Eulerian domain filled with material and it is discretized using EC3D8 elements. Lagrangian part of the model is limited to the discrete rigid pile element. The 5 finite elements per pile radius are used to obtain the optimal mesh effectiveness and this is done using the authors' experience in CEL modelling (e.g., Konkol 2015) . The pile-soil contact is modelled using frictionless interaction and general contact algorithm which is based on penalty contact method.
NUMERICAL RESULTS OF AFTER-INSTALLATION STATE
A comparison between radial total stresses acting on the pile shaft after installation in UL model and CEL model is presented in Fig. 8a . As one can see, the UL solution provides overestimated values in the shaft area, but a good agreement with CEL method is obtained near pile toe. Similar effects can be seen in papers presented by Qiu et al. (2011) and Hamann , where also CEL method provides lower values of radial stress than corresponding UL FEM method. It is worth noting that rapid decreases in CEL radial stress distribution are usually seen at material layer boundaries, i.e., at a depth of 1 m (change between c u = 60 kPa and c u = 100 kPa) and at a depth of 4 m (change between c u = 100 kPa and c u = 140 kPa). The total resistance force which acts on the pile is compared with drilling pushing force in Fig. 8b . This kind of comparison is not exactly proper due to the slightly different failure mechanisms. Figure 8b shows that both numerical models give similar response in comparison with the data from drilling machine. Consequently, both numerical models can be treated as a good approximation of the phenomenon during CMC column installation.
NUMERICAL RESULTS OF AFTER-CONSOLIDATION STATE
The pore pressure distribution after consolidation phase is presented in Fig. 9a . As can be seen, the positive excess pore water pressures have been developed along significant pile length and the largest ones are concentrated around the pile toe. The dissipation curves for 31 day period between installation and SLT are shown in Fig. 9b . The basic part of excess pore water pressure dissipates during the first 10 days after pile construction. After 31 days the pore water pressures in the lower part of the pile are almost equalized, but in the upper part the negative pore water pressure can still be observed, see Fig. 10 . Figure 10 also shows a significant radial effective stress increase after installation and 31 days of consolidation. The physical changes induced by installation and subsequent consolidation are illustrated in Fig. 11 . The soil movement (Fig. 11a) due to pile installation is complex and can be interpreted as a combination of the horizontal and vertical displacements. Here, the basic advantage of UL method in comparison with the Cavity Expansion Method (CEM) can be seen. In CEM only the horizontal component of displacement is taken into account (e.g., Randolph et al. 1979 ). The decrease of void ratio can be noted especially around the pile toe, see Fig. 11b , while some sort of increase can be observed near the surface area. 
STATIC LOAD TEST -NUMERICAL ANALYSIS VERSUS FIELD MEASUREMENTS
The field SLT results compared with the UL solution for CMC-1 and CMC-2 are presented in Fig. 12 .
The CMC-1 model, where full installation process has been modelled, gives almost perfect fit to the filed data. The pile bearing capacity CMC-2 is almost 3.5 times lower due to the lack of the installation effects. Figure 13 shows the decomposition of the total pile bearing capacity obtained in numerical analysis into shaft and pile toe capacities. The total toe capacity is similar irrespective of installation effects. Further, it is almost equal to the well-known empirical formula for pile toe capacity (e.g., Tomlinson and Woodward 2014)
where Q b -pile base capacity, c u -undrained shear strength, A b -pile base area. Substituting c u of 140 kPa and the base area of 0.102 m 2 for 0.36 m diameter of CMC column, the base capacity can be calculated as equal to 128.5 kN, which is very similar to numerical results.
A totally different observation can be made in relation to the shaft capacity. The set up effects increase the shaft capacity more than 7 times in comparison with the "wish-in-place" pile. This is a consequence of radial stress state change due to pile installation. The average initial radial effective stress along the pile shaft is 72.8 kPa, while after installation and following consolidation phase this value increases to 605 kPa. As a result, almost 8 times increase in average radial effective stress is noted and it can be interpreted as a direct reason for the pile shaft capacity increase, see Fig. 11 . Consequently, due to the large influence of installation 
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effects on radial stress distribution the little changes in initially applied coefficient of friction can result in significant advances in pile shaft bearing capacity. In this paper, the interface angle has been assumed on literature databases and this choice allows for a good fit of the numerical Q-s curve to the field one. However, this may not be the rule and the interface modelling requires more attention.
CONCLUSIONS
The numerical analysis conducted has shown that installation effects have dominant influence on the total pile capacity, especially on the pile shaft resistance. The numerical model has been created in accordance with in-situ reference CMC pile and the numerical study results have been validated with field SLT results. Based on the analysis performed the following conclusions can be drawn:  It has been found that pile base capacity is less influenced by installation process and the installation effects do not influence toe region, in general. However, the increase in radial effective stress after installation and following consolidation step is significant and this might be the fundamental reason for underestimation of the total pile capacity in "wish-in-place" pile.  The UL model of "set-up" pile has been verified by field tests and the installation phase has been independently tested with CEL formulation. UL FEM and CEL models show similarity in total radial stress and in pushing force distribution although the different numerical formulations and stress approaches have been used in both models (effective stress approach in UL FEM and total stress approach in CEL).  It has been shown that consideration of installation process in the pile numerical modelling can be important part of design process which can be helpful in more precise calculation of total bearing capacity.  The possible influence of proper interface modelling on pile shaft capacity has been pointed out and the future studies in this field should be undertaken. Summing up, the current advances in numerical and computational mechanics allows the installation effects to be incorporated in numerical modelling of displacement piles, which has a significant effect on total pile bearing capacity and the pile shaft capacity in particular.
